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OBSERVATION OF LOW ENERGY PROTONS IN THE

GEOMAGNETIC TAIL AT LUNAR DISTANCES

by

David Alfred Hardy

ABSTRACT

Using the three Suprathermal Ion Detectors stationed on
the moon, we have detected a reglion of plasma flowing anti-
sunward along the ordered field lines of the geomagnetic tail.
This plasma flow is found within the tail, but exterior to the
plasma sheet, It exhibits characteristics uniquely different
from the other particle regimes traversed by the moon. The
particles display an integral flux of from 1 to 9 x 107 ions/
cm2 sec ster, a bulk velocity of from 100 to 250 km/sec, tem- .
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peratures in the range .4 to 5 x 10° degrees Kelvin and number
densitles between .1 and 5/cm3.
The magnetic field conflguration for the times during which
the particles were observed exhibits a direcfion and magnitude
that is indicative of the lobes of the geomagnetic tall. In
addition, no consistent deviation in the field is seen to corre-
spond with the occurence of the events, The events have an angu-
lar distribution extending over between 50 acd 160 degrees.
Spatially the events extend over a wide region in both the
Ysm and Zsm directions, Contimous observations of these particles

are seen over distances as great as 17 Re in the Ysm direction and

12 He in thelzsm direction, The majority of the encounters with
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this flowing plasma, however; ére found in a 12;Re wide region
adjoining the magnetopause. Also there are wide variations be-
tween tail passages as to the extent of time over which the par-
ticles are seen with an'apparent correlation between the number
of hours of observation and the Kp index averaged over these
times,

It is proposed that these particles may have entered through
the cusp region. The particles could then be convected down to-
wards the neutral plane by E x B drift and eventually be acceler-

ated by a neutral line to produce the particles in the plasma sheet.
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CHAPTER ONE

1.1 Introduction
The near earth space environment is dominated by the inter-

action between the dipole magnetic field of the earth-and the fully

jonized plasma which flows outward from the suns corona [the solar wind].

This interaction results in the production of particle reservoirs and
currents systems which grossly distort the eartn's field. The investi-
gation as to the exact nature as to these processes has been and remains
a fruitful area for research.

fhe general configuration for the region is shown in Figure 1.1.
The plasma of the solar wind travels outward from the sun achieving a
velocity.of'u Loo km/sec and a numbef density of ~ 5/cm3 by the time
it reaches the near earth region. Because of its high conductivity it
carries with it the solar magnetic field lines. Since its speed is
much greater than the Alfvén speed the flow is superscnic and a shock
front is produced when this flow encounters the obstacle presented by
the earth's magnetic field. This standoff shock ig normally found
15 Re in front of the earth. It thermalizes the plasma, i.e., it
changes much of the flow energy jnto random thermal energy. These
particles continuing to stream toward the earth form a region ealled
the magngtosheath. These particles in the magnetosheath continue to
compress the earth's field behind the shock until the increase in
magnetic pressure of the earth's field bvalances the particle and
field pressures of the flowing plaswma. Thig region where the earth’s
field generally excludes the solar plasma is known as the magnetosphere

with the boundary between the two regions being called the magnetopause.




Figure

1.1

Cross sectional representation of
the earth's magnetosphere, the mag-
netosheath, bow shock, and solar
wind. (Hess, 1968)
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The magnetosphere is immensely complicated comprised as it is
of a large number of interrelated field and particle regimes. Close
to the earth the field is generally near to its dipole cenfiguration.

As one considers regions progressively more removed from the eafth the
deviation becomes more and more significant. One of the most remarkable
aspects of this is the generally drawing out of the field lines from the
polar caps to form an extended magnetic region known as the geomagnetic
tail.

The tail is one of the most. intriguing subjects in magnetospherics.
Despite 14 years of research much of its basic nature remains unclear |
or disputed. Its possible existence was first proposed by Piddington
(1960). He suggested that geomagnetic storms arose from the arrival of
solar plasma which by pulling back the polar field lines to form &
tail, would decrease the earth's field as is obgerved. Though such a
theory failed to account for all the aspects of a geomagnetic storm, it
d4id correctly show that streaming plasma could extend the polar field
1ines. The case for a continuous streaming plasma was considered
shortly later by Johnson (1960).

The first observational evidence for such & region was pro-

vided by Explorer X (Heppner et al., 196%) when a basically antisunward

pointing field was found just within the magnetopause at 22 Re . This
was later confirmed by the Explorer XIV instruments (Czhill, 1364a)
which maﬁped the field back to 16 Re' It was shown that the field was
approximately dipolar out to ten earth radii. Beyond this there was
substantial deviation cobserved with a generally tail like configuration
at the satellites apogee (16 Re). The final comfirmatory evidence

was provided by the IMP 1 Satellite which mapped the tail out to 3k Re
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(Ness, 1965). It was shown that the tail configuration commenced at
~ 10 R, and in all likelihood extended much beyond the 34 R to which the
satellite's orbit extended. It now appears that the tail extends to at
least 80 Re with the theoretical models predictiqg a length anywhere
from 100 R, (Dungey, 1965) to 20 - 50 A.U. (Dessler, 1965) .

There exists as of the moment no theory which fully accounts
for the nature of the taill's fields and particles. Ifs morphology,
however, has been fairly well ascertained. It consists of twé tubes
of flux which zre swept principally from the two pélar caps. This
sweeping back of magnetic field lines produces a mull region or cleft
in the front of the magnetosphere where the_lines go from the closed
dipole cenfiguration to the streaming configuration of the tail.
Between the two bundles thers is a neutral sheet; a current sheet
where the magnetic field magnitude is close to zero and across which the
field vector changes directions by 180° (Ness, 1964). Surrounding the
neutral sheet above and below is a region of warm plasma called the
plasma sheet. In the near eartl region it has a total thiékness cor
~ 6 R, at the median of the tail (Bame et al., 1966) with a flaring
towards the magnetopause to, approximately twice this value. The
magnetic field magnitude is generally smaller in the plasma sheet
than in the lobes with a gradual increase in the field magnitude as
the distance ﬁerpendicular the neutral plane increases. There is also =
genersl fhinning of the plasma sheet for increasing distance away from

the earth. It extends, however, at least as far as lunar distance

(Rich, 1972).
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As stated before the exact natufé of the mechanisms which lead
to the production of a tall configuration as described above are not
known. Two, approaches, however, are generally popular. The first
relies on a viscous interaction between‘the interplanetary and terrestrial
fields in order to pull the field lines out to some diétance behind the
earth (Piddington, 1963). The other approach requirés‘a direct connection
of the field lines between planetary and interplanetary regimes. The
interplanetary field lines would then tend to draw cut the earth field
l1ines as the plasma in which they are imbedded flows past the earth.
Though either of these mechanisms can describe the general
distortion produced they have difficulty in accounting for the detailed
nature of the region. The plasma sheet's origin, in particular, remalns
a considerable problem. Both a continuous particle source and an
energizing mechanism are required to account for the existence of the
particles. Although many theories have been proposed to account for this
region none has been conclusively successful as of yet.
A new particle regime hgs been recently discovered which may
ched gome light on the problem of a source mechanism for the plasma
sheet. Thé regime consists of =a region of streaming plasma flowing
along the ordered field lines of the high and low latitude lobes of

the tail (Hones et al., 1972; Hones et al., 1973; Akasofu et al., 1973).

This plasma, observed with the Vela satellites, exhibits fluxes only
slightly-less in intensity than those found in the magnetosheath. 1In
addition these particles possess & bulk velocity of from 100 to

250 ¥m/sec, number densities generally less than 1/ecm®, and electron
temperatures generally higher than those in the magnetosheath, {No

exact representative numbers are given for the electron temperature
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- .:or number density in the articles cited above.) The observations from «

‘which these conclusions are derived were obtained at a distance of
18 earth radii down the tail. The particles at this distance are seen

Since at 18 earth radii the

principally near the flanks of the tail with a maximum thickness of
several earth radii and a thinning of the spatial extent with decreas-

ing distance from the neutral plane.

phenomenon appears to consist of a boundary region between the magneto-
gsheath and the tail it has becn called the "boundary layer” by Akascfu

Such a region of flowing plasma is important since it is at least
potentially the observation of particles which have entered through
Events which

the cleft and which further down the geomagnetic tail may be accelerated

by a neutral line to produce the plasma sheet particles.
are simildr to those observed by the Vela gatellite have been observed
at luner distance Ey the Apollo Suprathermal Ion Detector Experiment
(sIDE). Tt is in order to better understand these events and their

relationship to the overall tail structure and maintenance that thils

study has been undertaken.
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CHAPTER TWO

2.1 ‘Description of Instrument

The data analyzed in this thesis was obtained from the three
Suprathermal Ion Detector Experiments {SIDE) placed on the moon during
the Apollo 12, 14, and 15 missions. These instruments, part of the
Apollo Iunar Surface Experimentsl Package (ALSEP), are all basically
of the same design. They consist of two particle detectors arranged
in a gide by side configuration. One, the Total Ion Detector (TID)
is capablé of discriminating positive ions by thelr energy per charge
irrespective of mass. The other instrument, the Mass Analyzer (MA),
is capable of discriminating positive ions according to both their
energy and mass per charge.
| The energy descriminztion is accomplished in both devices
through the use of a curved plate analyzer. This device consists of
two curved plates with radii of curvature a and b, respectively
(a < b} with a potentisal Vv, applied across the gap between them
{see Pigure 2.1). This VO produces a potential within the gav 85 a

function of r given approximately by
v(r) = (Voﬂn(r/a))/ﬁn(b/a) s
and an electric field,

B(r) = Vo/rﬂn(b/a) .



Figure 2.1

Trajectories for particles pass-—
ing through a flat plate analyzer,
a curved plate analyzer, and a Wien

filter assuming that the voltages

are arranged so that the particle
may travel to the counter.
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The incoming particles, collimated by-fhe épertu:e for the
device, enter the region of the curved plate travelling approximately
perpendicular to the cross secticonal area between the plates. In
this region between the plates they are accelerated by the electric
field and are thus made to travel in an arc of some radius r'. If
thé radius of curvature of this arc is within the limits of the curved
plates, i.e., greater than a but less than b, the particles will travel
through the device to the counter. This requirement for a particle to
pass through the device is eyuivalent to a balancing between the

centrifugal force produced by the particles circular motion

F = m@/r s

c

and the force arising from the electric field

=
i

qE = qu/rﬂn(b/a) .

This gives

or

mv® /g = Energy/q = VO/En(b/a)‘ .
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Since mv® is the kine£ic energy of the particles, by varying V_, the instru-
ment can be made to sample different energy ranges for the incident
particles.

In the Mass Analyzer the mass discrimination is accomplished
by using crossed electric and magnetic fields. The device consists of
two parallel plates across which a voltage is applied and two permanent
magnets arranged perpendipular to the plates. In general, particles
entering the region where the two fields are operating will undergo
displacement caused by both the electric and magnetic forces. This
will tend to deviate the particle's trajectories so that they will not
be observed. Only those particles for which the two forces are balanced
will pass through without deviation and travel to the curved plate and
therefore to the counter. The reguirement for this to take place is

that the Iorentz force be zero, i.e.,

q(E +vxB) =0

E/B

<
n

<
Ik

d
Vl/B

where V is the potential across the plates and d the plate separation.
‘ 1

In the proceeding paragraph it was found that the condition for a

particle to pass through the curved plate was that the centrifugal and

electric force balance. This condition can he written as

mfq = Vo/xn(b/a)vz .



Which after substituting for v¥ gives,
m/q = VoBade/zn(b/a)Vla .

The right hand side of this last equation contains only known quantities
(B, 4, b, and a) and voltages (VO and Vl) which can be varied. There-

fore, by adjusting Vo and Vl the device can scan different mass ranges.

2.2 Design of Instrument

Figure 2.2 shows a schematic representation of the instrument;
the upper section shows the Mass Analyzer and the lower section the
Total Ton Detector. Both devices, as explained before, possess 2
curved plate analyzer for determining the energy of the particles.
For the Mass Analyzer this is known as the Low Energy Curved Plate
Analyzer (IECPA). It spans an energy range from .2 eV to 48.6 ev
in six steps; U4B.6 eV/q; 16.2 eV/q; 5.4 eV/q; 1.8 eV/g; .6 eV/q, and
.2 eV/q. It is proceeded by a Wien filter which produces the mass
discrimination. At each energy the device steps through twenty mass
channels. The Total Ion Detector’'s curved plate is called the High
Energy Curved Flate Analyzer (iECPA). It measures tﬁe energy per charge
of ions from 10 eV/q to 3500 eV/q in twenty steps; 10, 20, 30, 50, 70,
100, and 250 eV/q and then by increments of 250 eV/g up to 3500 eV/q.

Iﬁ both cages the particles are counted by'a Bendix channeltront,
i.e., a channel electron multiplier. This device is held at a potential
of 3.5 kilovolts in order to accelerate the particles after they leave
the curved plate. This lncreases the detection efficiency 6f the channel-
tron by multiplying the number of secondary electrons emitted by the incident
ion.

*Registered Trademark
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The screen attached in front of the device is connected thféﬁgh‘é :
voltage stepping mechanism to a web like copducting scréen laying on the
lunar surface. This procedure couples the instrument electrically to the
surface and thus leaves the region in front of the devices at a known
voltage relative to the surface. The stepper voltage supply passes
through 2% voltage steps from -27.7 volts to +27.7 volts with a change
taking place every time the instruments cycle through SIDE ffame. This
has been used extensively to determine the lunar surface potential in the

magnetosheath (see Fenner et al., 1972). Figures 2.3 and 2.4 show the

normal configuration and the deployed arrangement.

2.3 Location and Orientation

As stated previously the three instruments were stationed
on the moon during the Apollo 12, 14, and 15 missions. The Apollo 12
ingtrument was deployed at longitude 23.5°W and latitude S.O'S in the
Ocean of Storms. It was stationed so as to look 15° west from the
loeal vertical and approximately in the ecliptie plane. The Apollo 1k
instrument was positioned 6  east of the Apollo 12 instrument at longitude
17.5°W and a latitude of 3.7 S in the Fra Mauro region. It Qas deployed
with its look direction 15° due east from vertical again pointing |
approximately in the ecliptic plane. BSince the two instruments are
separated spatially by six degrees in longitude, the total- difference
in their look directions is 36", fhe Apollo 15 instfumgnt was deployed
at a latitude of 26.11°N and a longitude of 5.65°E in thé Hadley Rille
area, i.e., more than 30° north of the c;it_;er two instruments and 20" east
of the Apollo 14 instrument. Its look ﬁirection is 15° east and

26° south of the local vertical so that it too points generally in



Figure 2.2

Figure 2.3

Figure 2.4

Schematic representation of the
of the operating components of the
SIDE.

Deployed configuration for the
Apollo 12 SIDE.

Photographs of the deployed SIDE on
the moon.
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the eliptic plane: Since 1t 18 20° eastward of the Apollo 14 instrument

while making the e angle eastward from the vertical as the Apollo 14

SIDE, the differedce 10 their look direction ig 20°. For the 12 and 15

devices the diffeFence in look directions is 56°. Figure 2.5 shows

the location of ti® instruments on the lunar surface. Figure 2.6

shows the look diyections for the three instruments for variocus times

throughout one conplete lunation.

2. Data Conv-r8ion

The SIDE jnstrument accumilastes data for 1.13 seconds in each

channel of both i TID and MA. A period of .07 seconds is used after

this 1.13 seconds to read out the data and adjust the instrument to

. the next chanpnel. XI° takes, therefore, twenty-four seconds (20 channel

x 1.2 seconds /charieL) tO cover the twenty channels to produce a

single mass or ensF8Y spectrum. What is returned in both cases is the

chapneltron recorAed counting rate for the data accumulation period.

Before these counping rates can be utilized they must first be converted

into the actual d4fferential flux observed by the instrument. To

accomplish this cﬂnversiop two quantities must first be known; the

geometric factor jor the instrument and the passband for particles

in each chamnel. ['he latter of these two quantities, the passband,

refers to. the rangs in energy or mass which will be detected when the

{nstrunent is in # given channel. It is obvions, for instance, that

the 50 eV channel of the TID will admit particles of energy other

than exactly 50 eV{q' From the geometry of the curved plates one

knows that partici®s ¥ith energy less than 50 €V/q can be seen by the

channeltron 1if thﬂy*enter the curved plate analyzer closer to the far



Figure 2.5

Figure 2.6

. ma——

Location of the three SIDE's on the

lunar surface.

Look directions of the three SIDE's
during the course of one complete

lunation.
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plate. Similarly, higher energy particles can be detected if they enter
“‘closer to the imner plate. In s like manner with the Wien Filter, there
' exists some range in velocity where the deviation produced in the
.;pariicle trajectory by the electric and magnetic fields will be suffi-
" ciently small so that the particles will pass thrbugh the filter to the
curved plates and therefore potentially to the channeltron.

In general, one expects the counting rate to depend on the
effective area of the deteé‘cor, A(R); the effective solid angle for
“observation, a(E); the detector efficiency, ¢(E); the incident flux,
J(E,a); and the passband, AE. All these quantities are expected to be

energy dependent so that
CR(E) = A(B)n(E)e(E)J(E,n)8E .

It is difficult to measure A(E), A(E), and €(8) independently. Their

product, however, known as the geometric factor, can be measured with

greater ease,

G(E) = A(E)a(E)e(E)

CR(E) = G(E)J(E)aE

This means that if the geometric factor and bandwidth are known the

differential flux can be calculated from the counting rate

J(E,n) = CR(E)/G(E})AE .
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From the exténsive calibration performed on the insfruments
(Lindeman, 1973) a value of G = 10 *cuf ster and a ban&width'of 10%
of the central energy for a glven channel were calculated. The general

conversion formula is, therefore
J(E) = cr(®)/.1(E)(c) = srN(E)/.113(E) (@) ,

where SFN(E) iz the SIDTE frame counts in a 1.13 second accumulation

period. The uncertainty in this number is approximately + TO0%.

2.5 The Explorer 35 Maghetometer

The magnetic field data used in this thesls was obtained from
the NASA/Ames Research Center fluxgate magnetometer aboard the
Explorer 35 satellite and was provided by Dr. D. §. Colburn. The

instrument has been described in detsill by Mihalov et al. (1968).

Briefly, however, it operates as follows. The device consists of three
perpendicular detectors which make a measurement of the fleld every
6.1 seconds in each of three scales; 0-20, 0-60, and 0-200 ganmmes.
These measurements are then spin demodulated onboard the spacecraft and
telemetered back to earth. The data used in this analysis comprises
81.8 second averages of this data plotted in solar equatorial coordinates;
a system in which the xy plane is tilted 7 to the solar ecliptic plane.
. The maghnetometer ié gtationed onboard the Exploref BBUQQtéiiite
which has been srbiti;g the moon since 19587. The zatellite has an
aposelene of 5.42 lunar radii (1.425 Ré) end & periselene of
1.44 lunar radii (.378 %a) with the_plane of the orbit generally in

the ecliptic.
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There are several difficulties with the data. First, the satellife
possesses no onboard recorder thus there is a loss of dats when the
gatellite 1s occulted by the moon and telemetry coverage is cut off.
Second, there is a weakness in the onboard bafteries which results
often in the sudden loss of data when the solar paﬁels are either in
the shadow of the moon or the earth. Thirdly, the satellite lost its
reference in longitude. The data is internasily consistent and merely
appears shifted by some unkﬁown angle in longitude. This offers no
difficulty in the tail since the true angle can be found to within 10°
by comparing the longitude angle of the field as reported by the
satellite to the known field longitude in the lobes of the tail (180°
or 360°).

The data presents one other difficulty. There is s distance
varying between .378 and 1.425 R, between the point at which the
megnetic fleid is measured qnd the poiﬁt where the particle flux is
measured. This can produce a time difference between when an event,
such as & magnetopause crosging, is seen in the magnetic field and

when it is observed in the spectra observed by SILDE.

2.6 Method of Data Analysis

The calculation of parameters from the data; integral flux; bulk
velocity, temperature, and number density, weré_accomplished by
numeribally integrating over the experimentally derived distribution
funetion. To do this the counting rates in the twenty energy channels
were averaged over one SIIDE cycle (6 full spectra) and the background
was subtracted. Then by dividing by the bandwidth and the geometric

factor the comparable differential flux was calculated. The differential
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flux spectrum was then converted into the distribution function by
convefting the energy channels into thelr equivaslent velocity channels
and multiplying the flu# by the conversion factor mFFVEEi. Theoretically
the parameters can be approximated by taking the moments of the distri-

bution function f£(v)

Il

Integral flux = I = IJ(E ,n)dE

Bulk veloeity = V, = J£(v)vadv/n

I

Thermal speed = V., = I(v-vb)af(v)d3v/ﬂ

-~

H

Number density =

o

vhere o' = the angular extent over which the event is isotropic and N

is the particular number density.

The actual numerical method employed utilizes the following

summed approximastions

Ty = Doy vy lvy vy 2/413 gy = vy )/

=
U

(m/2)2e(v, ) v, - v (g, - v )/ v gy = vy

-
|

= Eg(Ei)(Ei+1 -E,. )/

where the summation is taken over the twenty energy or veloeity channels

of the TID.
Incrder to equate the integral (1/N) vi(v)a v to the bulk ve-
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locity one must make the assumption that the contribution to

the velocify from the thermal motion of the particles'is négli-
gible compared to the contribution from the flow motion.l Since
our instruments are fixed relative to the lunar surface, we have
no easy, direct method of ascertaining that this assumption is
justified for the fluxes of interest in this study. We find,
however, that the regults derived using this assumption are con=-
sistent witn observations of the flow made at lesser XSm distances
with the Vela and HEOS satellites. The assumption, therefore, ap-
pears to be self-consistent. Such a metood is, hﬁwever, cbviously
inapplicable in the plasma sheet where the vaste majority of the
energy is in the therpal motion of the particles.

This assumption is further supported by observations of the
same particles by the ALSEP Solar Wind Spectrometer (SWS). For
several events for which data is available from both the SIDE
and SWC, Dr. Goldstien {private conversation) has been able to
confirm that the plasma is indeed flowing approximately aﬁtisunward

with velocities commenserate to those measured by the SIDE's.
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CHAFTER THRER

3.1 Introduction

The three Suprathermal Ion Detectors stationed at the Apolle 12,
14, and 15 sites cbserve intense fluxes of low enefgy protons {LEP's)
assoclated with the passage of the moon through the geomagnetic tail.
These fluxes appear in the data as a significant increase 1n the count-
ing rate in the Total Ion Détectors' eight lowest energy channels which
span an energy range from 10 to 500 electron volts. The most prominent
events are centered in the 50, 70, or 100 eV channels. The events
range in duration from as short as five minutes to as long as a full
day or more with wide variations in the intengity and freguency of
occurrence with time within a given tall passage as well as between
separate tall passages.

The particle fluxes tb be considered in this thesis, were
positively identified as having & composition which is primarily
protoﬁs. This fact was ascerfained by the cbservation of significant
peaks in the mass channels for protons in the Mass Anglyzer of the
Apollo 15 instrument. (see Figure 3.lg) No resl counts for other
particle specles besides protens have, as yet, been detected above
- the bpackground of the instrument. The other peaks seen in Figure 3.l
have not been confirmed to be statisticelly significant. |

-In the present mnalysis fifteen lunatiﬁna of tail data have
been uged covering all the lunations in 1972 from the 28'th of
January and the first three lunaticns of ;975. Altogether these
orbits provided observations for 265 LEP events comprising almost two -
hundred hours of data. The location.in time ¢f these events was obtained

through the use of Apolld 14 data exclusively. Verification of the



Figure 3.la

Figure 3.1b

Plot of the counting rates for

the 48.6 eV/q, 16.2 eV/q, and 5.4
evV/q channels of the Apollo 15

Mass Analyzer. The plot shows a
sustained period of observation of
particles in the third mass channel.
Counts in this channel represent

particles of 1 amu.

Plot of the positive ion plasma
parameters showing the entry of the
moon into the magnetotail.
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. occurrence of the events was accomplished by checking against Apoilo 12
énd.lE data where it existed. No cases ha%e yet been found where the
vgrification failed when simultaneous data from the other instruments
was available. Similarly there were never observations of events

in the Apollo 12 and 15 instruments which were not seen at the same time
by Apollo ih. It should also be noted that no significant time differenc
in onset or falloff of the LEP events were observed with comparable
data érom the three instruments.

7A In Table 1 are listed the approximate times for entry and exit
of the moon from the geomagnetic tail, the total times to the nearest
hour the moon was in the tail, the number of hours of the tail passage
dominated by the observation of low energy protons (LEP), and what
percentage of the tail passage this comprises. The times of entry and
exit cannot e determined exactly since the bulk motion of the magneto-
pause tends to cause multiple crossings of the moon in and out of fhe
tail.. An approximation as to the times of entry and exit from fhe tall
was nonetheless determined by noting the final falloff or initial rise
;n thg integral flux as well as the pointrof disappearance oOr appearance
of the characteristic magnetosheath spectrum. Where possible this was
further verified by the use of the Explorer 35 magnetometer data.

- " An example of such a tail entry is seen in Figure 3-lb taken
from the first lunation of 1973 for the Apollo 1k instrument. We have
caleulated in this graph the logarithm of the integral flux and
ﬁemperature as well as the bulk velocity and number density, all as
functions of time. A sudden drop off in the integral fiux is observed
on day 16 GMT 1640 accompanied by a falloff in the bulk velocity

and number density. This coupled with the disappearance of the magneto-

gheath spectrum indicates entry into the tail.



Lunation
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Time of moons
entry into tail

023:12:00
057:23:00
083:20:37
117:22:41
147:00:00
175:19:45
205:19:01
235:10:00
264:21:42
294:;22:00
324:00:01
352:06:20
016:17:00
046:;07:22
076:09:00

Table 1

Time of moons
exit from tail

031:07:00"

062:03:00
091:12:21
121:03:40
151:05:00
18¢:00:00
210:01:00
238:22:20
268:10:00
298:;03:00
327:;15;00
357:00:40
020:01:00
050:03:00
079:04:00

Hours moon in

the tail

88
94
72
100
101l
79
102
84
75
77
87
90
81
92
62

Hours of
LEP events

16.167
14.50
42.683
16.350
2.10
3,083
13.650
5.667
21,132
8.00
6.232
3.81
11.733
17.117
17,533

percentage
of tail domi-
nated by LEP's

18,37
15.42
59.28
16.35
2.00
3.90
13.38
6.75
26.84
10.39
7.16
4.01
14.49
18.66
28.28



Of the fifteen lunations studied, Explorer 35 data has been

obtained for the four tail passages of interest; three in 1972 (luna-
tions 1, 2, and 9) and one in 1973 (lunation 13). In order to present
a clear picture as to the detailed nature of the events studied, these
lunations will be presented in greater detajl. Oné cther lunation
{lunation 3) for which magnetic data is not available but which

exhibits events of interest will also be presented in some detail.

3.2 Lunation L

The first tail passage of interest lasts from approximately
day 28 GMT 1200 to day 32 GMI' O0700. The general behavior of the data
for this tall passage is shown in Figures 3.2 and 3.3. In these graphs,
the twenty energy channels have been plotted along the x axis with an
equal space between each channel. In the y dipection is plotted the
logarithm of the average counting rate in each channel and in the z
direction is plotted time. Each line represents a twenty minute |
average of the datg. |

Referring to Figure %.2 one sees that four LEP events are
observed in the 18 hours following the moons entry into the tail at-
GMT 1245 on day 28. These LEP events, having durations of from 1.5
to b hours, are distinct from the magnetosheath in that significant
counts are only seen for the energy channels below 500 eV/q. The forty
hour period-following their disappearance at GMT O742 on day 29, displays
only occassional significant counts in the higher energy channels of
the TID (E > 250 eV/q). These are interpreted as encounters with the

plasma sheet.
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Figure 3.3 chows the remaining portion of the tail passage.
Four prominent LEP events are seen, the first occurring épproximately
20 hours prior to the moons re-entry into the magnetosheath. The most
important fact to notice is that the periods of observation of the
LEP events are found in close conjunction to, but séparated from, times
when the plasma sheet is observed, i.e., simultaneous observations of
IEP spectra and plasma sheet spectra are not seen.

In Figure 3.4 the locatibn of the evenits has been plotted
in solar magnetospheric ccordinate. On the inbound side (solar mag-
- netogpheric longitude less than 3,14 radiuns) the events span a distance
of approximately 12 Re in the Ysm direction and approximately 9 Re'in the
Zsm direction with the longest continuous event traversing ~ 5 Re in
the ZSm direction and ~ 2.25 Re in the Ysm direction. Similarly on the
outbound side (solar magnetospheric longitude greater than 3.1k radians)
the even;s cover distances of ~ 18 Re in the Ysm direction and ~ 9 Re
in the Zsm direction with the longest event covering distances of
Ysm~h R, and Z, ~ 2R, .

One may meke estimates of the integral flux, bulk velocity,
temperature and number density as discussed previously. Figures 3.5
and 3.7 show these parameters for the LEP events observed in this first
luna%ion, (the shaded areas show periods of observation of the LEP's) .
One sees that the encounter of the instrument with the initial of these
low gcnergy events 1is accompanied by a raﬁid decline in the bulk veleocity
and temperature from 250 km/sec to 120 km/sec and from 1.5 x 10°°K to
2 x 10°°K, respectively. Taken s a group these inbound LEP events
exhibit an integral flux intensity of approximately .1 to 1l x 107 ions /

cnf wgec-ster and g ulk velocity on the order of 100 to 200 km/sec,
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with temperatures varying between .8 and h x 10°°K and number densities
of ~ .2fcm®. Similar behavior is seen in the data for the outbound
portion of this tail passage. The main difference is that the integral
flux is greater during this period reaching a value as high as 9 x 107 ions
cnf -sec~ster. This increase produces no noticeabie change in the tempera-
ture or bulk Veiocity of the LEP's. The number density is, however,
increased close to an order of magnitude to between 1 and 2.5/cm5.

Figures 3.6 and 3.8 show the magnetic field configuration during
approximately the same portions of the tail passage as in Figureas 3.5
and 3.7. The latitude, longitude and magnitude of the fileld have been
plotted in solar eguatorial coordinates as functlons of time. Again
the periods where the LEP events were cbserved have been shaded. The
lowest panel displays the differential flux in the 100 eV channel with
the background not subtracted. This channel was chosen since it
represents the approximate region of the peak of the energy spectrum
for thé LEP events.

One sees that the tall is well ordered for the entire span over
which the LEP events were observed inbound. Specifiecally, no deviations
in the field can be seen to correlate with either the appearance or
disappearance of the LEP events. Such an orderly and steady configuration
indicates thet the moon was in the high latitude lobe of the tail during
this entire periocd. This is further supported by the fact that the
first neutral sheet crossings is not seen ﬁntil GMT 1258 on day 29
and the actual cross over to the low latitude region does not take place
untii GMT 1200 on day 3%0; long after the last of the inbound LEP events.

Similar behavior is seen for the outbound events.



Figures 3.2&3.3

Figure 3.4

Figures 3.5&32.7

Figures 3.6&3.8

Plots showing the counting rates
in the 20 channels of the Total
Ion Detector for the tail passage
in lunation 1. Periods in which

_the moon encountered the plasma

sheet (PS),magnetosheath (MS), and
low energy protons (LEP) have been
labeled.

The position of the moon in solar
magnetospheric coordinates has been
plotted for the times during which
LEP's are observed. The arrow points
to the location for the event during
which significant spectral variation
in the low energy protons was observed.

Two and one half minute averages of

the plasma parameters have been plotted
for the times during which LEP events
occured in the tail passage of lunaticn
l. The approximate period over which
the LEP events occured has been shaded.

The latitude, longitude, and magnitude
of the magretic field have been plotted
in solar ecliptic coordinates as functi
of time for the periods of the LEP e-
vents. The longitude correction angle
is approximately 50 degrees. The times
for the LEP events have been shaded.
The lowest panel gives the differential
flux in the 100 eV/g channel without
the backgrournd subtracted.



Figure 3.9

The time behavior of the spectra

for the first LEP event outbound

in lunation 1 is shown in four spectra
which span the event. The time at
the top of each graph refers to the
start time for the spectrum to which
the arrow does not point. Each spec~

trum is a ten minute average.
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The IFP events for this lunation exhibit little time vafiation
8s to their spectral characterisfibs.showing a peak cenftered normally
in the 100 eV region with a maximum differential flux of from 2 to
5 x 10°ions/crf -sec~ster~eV. The one exception to this behavior is
found in the IEP event which runs from GMT O406 to GMI' 0656 on day 31
which exhibits a shifting of the péak towards higher energy and a
hardening of the general gpectrum during the courge of the event.
This behavior is shown in Flgure 3.9. Four spectra are shown
in this illustration; the first taken at the Oﬁset of the IEP event
and the other three spaced over the next two hours. All four spectra
are ten minute averages of the data. These show clearly the broadening
of the spectrum out tc energies greater than three kilovolts and the
gradual shifting of the peak from 100 eV to a value in the range of
250 eVé. Figures 3.4 and 3.8 show that the instrument was moving towerds
the neutral sheet during the periocd of this LEP event, encountering the
neutfal sheet approximately three-hours after the cessation of tﬁe
event} _This is further supported by the fact that the moon is seen to

enter the plasma sheet immediately after the LEP event terminates.

3.3 Lunation 2

Figures 3.10 and 3.1l show the counting rates observed by the
Apollo 14 instrument for the third tail passage of 1972. As before a
series of iow energy events are cobserved for approximately one day
following the entry of the moon into the tail. The time after this
exhibits significant counts only in the higher énergy channela of the
TID which, as before, indicates that the instrument is in the plasma

sheet., Such observations dominate the vaste majority of the time for
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“ tnig‘pQSSage with the only IEP events observed outbound found close to
the ﬁaénetopause bracketed by times dominated by sheathlike spectra.
The corresponding spatial locations are shown in Figure 3.12.

Parametrically these LEP events display little significant
difference from thoseé of the previous iunation (see Figures 3.13 and
3.15). The only point that should be pointed out is the high number
dénsitY.(approximately 2.5/cm>) associated with the outbound IEP
events.

As in the previous lunation the IEP events are found to occur
in the well ordered field regions of the lobes of the tail. (Figures 3.1k
and 5.16.) Inbound the behavior of the field during the LEP events
shows little variation displaying a lobe like configuration. Outbound
the behavior is more unusual. On day 61 GMI' 1800 the moon enters a
region of disorganized field reflective of the magnetosheath (see
Figure 3.16). This 1s verified by the simultaneous observation of
characteristic magnetosheath spectra by the SIDE. Thils behavior is
maintajined until GMT 1932 when the Explorer 35 satellite reenters
a regioﬁ df ofdered fleld. This is.followed at GMT 2100 by the advent
of a IEP event seen in Figure %.16 as & rise in the differential flux
in the 7O eV channel. This LEP event last until day 62 GMT 0400.

The field data is unfoftunately discontinuous during this pericd making
it'impossible to be definitive as to the field configuratiocn for the
entire ﬁEP event. When, however, field data is again avallable, after
the end of the LEP event, it is seen that the moon is once more in the
magnetosheath. The one other IEP event taking place in the period
covered by Figure %.16 is also seen to correspond with the entering of
the moon into the ordered tail field region from the magnetosheath

at GMT 063%2.
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Figures 3.10&3.11

Figure 3.12

Figures 3.13&3.15

Figures 3.14&3.16

Counting rates for the Apocllo

14 TID for the second tail pas-
sage of 1972 showing the moon's
encounters with the plasma sheet
(PS) , magnetosheath (MS), and low
energy proton regions. (LEP)

The location of the moon in solar
magnetospheric coordinates has been
plotted for the times in the tail
passage of lunation 2 during which
the LEP events were observed. (.1l

radian = 6 R )
e

Two and one half minute averages

of the plasma parameters have been
plotted for the periods during which
LEP events were cbserved in the 2nd

tail passage of 1972. Shaded regions

correspond to periods of observation
of the LEP events.

Latitude,longitude, and magnitude cf
the magnetic field are plotted in

solar ecliptic coordinates as functions
of time for the period during which

LEP events were observed in the 2nd
tail passage of 1972. The differential
flux in the 100 eV/g channel is plot-
ted in the lowest panel without the
background subtracted, The correc-
tion angle for the longitude is again
50 degrees.



Figure 3.17

Four plots of the differential

flux spectra for the period of
transition of the moon from the

LEP region into the magnetosheath.
The time at the top of each plot
refers to the start time for the
spectrum to which the arrow does not
point. Each spectrum represents a

ten minute average.
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- The time history of the spectra for the first of the LEP events
outbound is shown in Figure 3.17. Representative spectra are presented;
the first showing the spectrum during the middle of the IEP event and
the other three showing the rapid transition into the magnetoshesth.

The former is characterized by its narrowness and its peak in the 100 eV
channel. The other three show a shifting in the peak towards higher
energy and a broadenlng of the spectrum into all the higher energy channels
of the detector. At the same time there is a decrease in the magnitude

of the differential flux at the peak. A1l this is suggestive of some

interaction between the two particle regimes across the magnetopause.

3.4 [unation 9

Lunation 9 contains the longest period for observation of the
ILEP events for which magnetic data has been obtained. Figures 3.18
"and 3.19 show the general behavior of the data for this tail passage.
As before, on the inbound portion of the passage the low energy events
occur over a period of approximately 18 to 24 hours after the initial
passage of the moon into the tail. The observation of these LEP events
ig terminated by the entry of the moon into the plasma sheet. The
plasma sheet ls seen to.dominate the inbound pprtion of the tail passage.
Outbound, however, only one brief encounter with the plasma sheet 1s
observed, the rest of the time being dominated by a . long pericd of
continuéus observation of the LEP's. Parametrically and spatially the
IEP events follow the same pattern egtablished in the previou; lunations.

(See figures 3.20, 3.21, 3.33, and 3.35.)
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The msgnetic field configurastion for the times of observation
of LEP events for this lunation are shown in Figures 3.22, 3.24, and 3.26.
Magnetic data is not available for the times of the LEP events inbound.
Figure 3.22 does show, however, the ordering of the field as the moon
enters the tail. The outbound LEP events can be verified to tak¢ place
on well ordered field lines. Figure 3.24 shows that when the IEP's
were encountered in day 267 the moon was in the high latitude lobe of
the tail. As before, the abrupt increase in the flux of 100 eV particles
produces no change in the field direction. The magnitude of the field
appears, however, to change dependent on the intensity of the event.
Magnetic data is available for the reriod of these LEP events starting
at GMI' 1230. The advent of the first event after this time ghows a
decrease of ~ 4 gammas in the magnitude of the field as the intensity of
the IEP event spproaches it maximum and a subsequent return to a field
strength of 21 gammas as the LEP event dies away. The field strength
is again observed to fall off with the commencement of the next event -
at GMT 1800. The ﬁagnetic field data is discontinuous in the middle
' ofrthis LEP event and this variation of the field magnitude is not
Obgerved during the next LEP event when data for the field is availabie.
This coulé ée.ﬁ ?esult of the fact that the LEP events where thig
variation in magnitude is not observed are a factor of four lower in
their integral flux than those events in this lunation where the varia-

tion was obsérved.



Figures 3.18&3.19 Twenty minute averages for the
twenty channels of the TID plotted
as a function of time for the tail
passage of lunation 9, The encoun-
ters of the moon with the plasma
sheet (PS), magnetosheath (MS), and
low energy proton regions (LEP) are
labeled in the figures.

Figure 3.20 The portions of the lunar orbit
for lunation 9 during which low
energy protons were observed. The
positions are calculated in solar
magnetospheric coordinates. (.1 rad-

ian = 6 R )

Flgures 3.21,3.23583.25 The plasma parameters for the
times of the low energy proton e-
vents are plotted as a function of
time for lunation 9. Shaded areas
shows the times when the LEP's were

obhserved.

Figures 3.22,3.24&3.26 The magnetic field configuration
for the times of the low energy events
is plotted as a function of time.
The lowest panel gives the differentiai
flux in the 100 eV/g channel of the
TID without the background subtracted.
The correction in longitude is 20 de-
grees. The shaded regions show the
times of encounter of the LEP's



APOLLO 1% 1972

START TIME 2B% &6 4
28 MIN RV
2% . 8aHR- DIV

i«

*'—-lll
3_ ot — _h—ﬂ—v_w-*‘:_}
2]
1] —

L
¥
a
E‘ - 4%-—-—
1.
MS
LEP
_ PS
J—
4 ‘\|/
a3 MS
o &
o
- 1
’ lll]l—ljli.lll—lT_Ill
18 1080 3588
ENERGY

Figure 3.18



APDLLO 1%+ 1972
START TIME 266 21 1
280 MIN Ay
2% .88HR- D1V

|
g,

; *@?

}\\

!
|
|
|

LOG A¥ CTs
‘F
f(;

RSLALIAL A B SO M I B B e s e
10 1008 35088
ENERGY

Figure 3.19



SOLAR MAGNETOSPHERIC LATITUDE OF ALSEP

CRADIANS]

.54

START 264% 13 3@

END 268 1% 12
.68 .

. . 6D ’
SOLAR NAGMETOSPHERIC LONGITUDE OF ALSEP

[RADIANS)

Figure 3.20

T



i ! 1

+ . BBHRS, DLV

A
]
— e as] [Lx} L =+ a] o)
[~] ) [nv]
Ce e © u
CgHI-SNOTT INIATEY '930]
W20 uOM [du31 1907 AL

s KAl
0734 37N8

Figure 3.21

©

£¥3LS 23S AI~-SNODI]
[XN04 g 3IMT 1907



ZZ't =anbtg

BLON BLRT BMAG

LOGIDIF FLUX]

APOLLO

1%

1972

26% 12 @

N w £ ;1 M

& HRsDIV

“a

£8

=1

218

g0



CALO /SHHBe 4

€Z'€ °2InbTa

LOGL INTEGRAL FLUX] 8ULEK VELODCITY LOGL TERP ] NUM. DE_:!

[I0MS -0 SEC STER] ERTi-SEC? FOEG, KELWIN: [iORS/CI]
[+9] n = [+7]
w @ =

an L] J 4 ] w L) @ ) - a ] = N E

1 4 T I Lswniinl I B T

- ’ D

::——_ g

= = =

- - c

- f—————" ] :-:

f e ] — b

— — = o

p— . —0 o —— o

_— o

,__é :

' o S

- %—F




pz°€ 9Inbrd

BMAG

| o2

m

BLUN

LOGLDIF FLUKI

9@

8

-98

n w + O o, 2

APOL LD 1% 1812

266

1 [

ey

prvet T“"I'M]‘u-n

S

 HRs/D IV

24d

98

21e

28



ALC. SHHBA 4

6z ¢ 2ambtg

LOGL INTEGRAL FLUX] BULK VELQCITY LOGL TEMP ) NUM. DEN

LIONS/CH- SEC STER] [KN-SEC] [DEG. KELVINI CIONS-CH3]
© v £ m
© ® ©
an M 2 o w (5] © @ += o o @ an

-
]




9z°¢ aanbta

BHMAG

BLART

BLOH

LOGIDIF FLUX]

APOL LO

e

R

1992

261 18 @

a8

-9

+ 0 m

n w

4 HR-/DIV

48

ce

94

218

98



26
3.5 Lunation'13

Lunation 13 exhibits two LEP events which are of note. Figures 3.27
and 3.28, which illustrated the general nature of the Side data for
this tail passage, show that the two LEP events are observed during
periods close to those +imes then the moon encounters the magneto-
pause . For regions deeper in the tail the plasma sheet is seen tc
be the principle particle regime encountered.

The behayior of the IEP events display considerable fime
variation. Figure 3.29 shovs the inbound behavior of the plasma
parameters. The crossing into the tail is clearly seen in the sharp
fglloff in the integral flux at ~ GMI 2000. This is followed at GHT 2800
by the appearance of the low energy ions. The LEP event exhibits a
shifting towards higher energy and temperature as the event proceeds.

The bulk velocity. starts at 120 km/sec and appears tc nearly double

during thg course of the event with a similar doubling of the tempera-
ture during the same period. During this period the moon was moving
towards the theoretical location of the neutral sheet (Figure 3.33). At
the termination of the event the moon enters the plasma sheet as witnessed
in Figurg 3.29 by the drop in integral flux and the rise in bulk velcity
znd temperatufe.

Figure 3.31 shows the characteristics of. the events on the
outbound portionrof the tail passage. The first LEP event commences
on day 19 GMT 1320 with the phénomenon being observed continuously
over the next eight hours. As in the inbound case a shifting towards
‘higher energy is observed. Over the course of the two hours pricr to
&ﬁe disappearance of the event there is a rige in the bulk velcity

from ~ 120 lm/sec to ~ 350 ki/sec with a corresponding rise in
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temperature from 5 x 10t K to 1.5 =x 108 K. This appears to correspond

to a‘re-épt?yﬁqf_the moonl into the magnetosheath. Several short eventé
are séeﬁrfPLIOQi;g the moons re-entry into the tail at GMT 2000 on

day 19. fhere duration is ~ 1 hour. The moon re-enters the magneto-
sheath abruptly at 0130 on day 20.

Magnetically one can verify that the moon enters the ordered
field region at GMT 1800 on day 16 (Figure 3.32). Data is unfortunately
discontinuous over fhe period of the inbound events. One sees that the
field is ordered at the beginning of the event but, due to the lack of
data no definitive statements can be made as to the field Eonfigurafion
for the-entire time of the phenomenon. Outbound data is available
starting at GMI' 1300 on day 19. (Figure 3.33.) The field is seen to be
well ordered for the LEP events in this region. The‘only anomaly is
a sudden doubling of the field strength in an approximately twenty
minute periods commencing at GMT 1858 on aay 19. This coincides
within ten minutes with a five fold increase in the integral flux
and & sommensurate increase in the number density to 2.5/em®. At the
same timé the bulk.velocity is seen to remain constent and the tempera-
ture to drop an order of magnitude to a value of ™ 5 x lO‘oK. From
spectra it appears that the moon re-enters the magnetosheath at GMT 1918
day 19. Comments on the remaining events are not possible because of
the lack of data.

The behavior of the outbound LEP event can be better understood
in terms of the spectral variation with time. The eight spectra shown
in Figures 3.34 and 3.3%5 cover the period for the phenomenon and show

the spectral transition intot he magnetosheath.



Figures 3.27&3.28

counters

Figures 3.29&3.31

Figures 3.30&3.32

Figure 3.33

Twenty minute avefages of the
counting rates in the twenty
channels of the TID plotted as

a function of time for the tail
passage of lunation 13. The en-
counters of the moaon with the
plasma sheet (PS), magnetosheath
(MS), and low energy proton regions
(LEP) are labeled in the figures.

Plasma parameters for the times

of the LEP events for the tail
passage of lunation 13. Two and

one half minute averages are plot-
ted as functions of time for inte-
gral flux, bulk velocity, temperature

~and number density. Shaded regions

correspond to periods during which
the LEP's are observed.

The magnetic field configuration
plotted in solar ecliptic coordinates
for the times of the low energy
proton events in lunation 13. The
lowest panel gives the differential
flux in the 100 eV/g channel with

the background not subtracted. The
longitude correction is approximately
50 degrees, The shaded areas show
the times of encounter of the LEP's.

Location of the moon in solar mag-
netospheric coordinates for the times
when the low energy protons were en-
countered in lunation 13, (.1 radian
6 Re)



Figure 3.34

Figure 3.35&3.36

Comparative spectra for the three
different particle regimes encoun-
tered by the moon during the tail
passage of lunation 13.

Eight spectra are plotted showing

the behavior of the outbound LEP
event as the moon énters the .magneto-
sheath. The time at the top of each
plot refers to the start time of the
spectrum te which the arrow does not
point. All spectra are ten minute
averages of the data,
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.6 Lunation 3

One other tail passage of special interest will be mentioned
here because of the duration of the LEP events cobserved. ILunation 3
is the orbit for ﬁhich the most hours of observation of the LEP
events were found. Nearly 60% of the time of the tail passagé for this
orbit was dominated by IEF spectra. Figure 3.30 shows that the events
appear spatially across much of the range the moon traversed in the Ysm
and Zsm directions. Particularly on the outbound portion of the tail
passage, the LEP events are nearly continuous over 14 Re in the Ysm
direction and 7 Re in the ZSm direction.

Figures 3.38 and 3.39 show the behavior of the events for the
two days prior to the moon's entry into the magnetosheath. The LEP
events are dominant for 34 hours of this time exhibiting a bulk
veloeity éf 100 to 200 km/sec, an infegral flux of 1 - 6 x 107ions/fer® -
gec-gster, a temperature of 6 x 104lto 2 x 108% ahd pumber densities of
.]./cm3 to 2/an. The most striking feature of this period is the
relative sfability of the ILEP events over such an extended periocd of

time and over such a vaste spatial extent.

3.7 General Observations

In order to gain some insight as to the overall spatiaml
features of the phenomenon it is useful to plot the position of the
moon in solﬁr magnetospheric coordinates for the times when
the IEP's were observed. (See Figure 3-lla) For comparison
the complete orbits for the fifteen lunations als¢ have been
plotted in the SM coordinate system. (Figure 3-41b) It ig of

note fhat the envelope for the space swept out by the moon de-



Figure 3.37

Figure 3.38

Figures 3.39&3.40

Twenty minute averages of the

counting rates for the 20 channels

of the TID plotted as functions of the
time for the tail passage of lunation
3. The different particle regimes
encountered are labeled MS, for
magnetosheath, PS for plasma sheet,
and LEP for low energy protons.

The location of the moon in solar
magnetospheric coordinates for the
times when the LEP events were ob-
served. (.1l radian = 6 Re)

The plasma parameters for the out-
bound LEP events in the tail pas-
sage for lunation 3. Shaded regions
correspond to the times for the LEP

events.
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fined by these orbits is not symmetric about the point Ysm= ZSm = 0.
This asymmetry is produced by the moon's five degree inclination to the
ecliptic and the apparent yearly +23 degree wobble of the earth's
spin axlis In solar ecliptic coordinates. |

The net effect of this asymmetry is to produce a higher den~
sity of coverage over a smaller spatial extent for solar magneto-
spheric longitudes less than 180 degrees than for longitudes great-
er than 180 degrees. Inbound the moon is restricted to a region
relatively close to the (XY)am priane. There are more than twice
as many crossing of the (XY)am r'iane on the inbound portions of the
orbite as opposed to the ocutbour.l portions. This means that in-
bound the moon has & higher probability than outbound of being near
the ()!:Y)Sm plane during times when the plasma sheet is either thin
or displaced. This behavior is reflected in Figure 3-4la which
shows fhﬂt numerous events are séen near the (XY)Bm plane inbound
while no IEP events are seen near ﬁhe plang outbound. The complete
" lack of IEP events near the (XY)am plane outbound is, however, sbme-
what anomalous and wey indicate another mechanism operating to exclude
the particles from this reglon. What all the sbove indicate is
that the phenomenon has potentially a very large spatial ex-
tent since observations are found from +17 Re to =17 Re in the
2 direction and from =36 R, to +33 R, in the Y direction.
It must bé kept in mind, however, that the reglon for the par-
ticles 1s separate from the plasma sheet. The observation of
1EP's near the (XY)Em plane must therefore correspond to times

when the plasma sheet was either very thin or displaced from its

expected location.



Figure 3.4la

Figure 3.41b

The position of the moon during
each of the 265 LEP events studied
has been plotted in solar magneto-
spheric coordinates. (.1 radian =
6 Re)

The orbit of the moon for the
fifteen orbits studied has been
plotted in solar magnetospheric
coordinates in the SM longitude
range from 2.54 to 3.74 radians.
(.1 radians = 6 Re)



SOLRR HAGNETOSPHERIC LATITUDE OF RLSEP

[RADIANS]

. 5%

.60

~ ~
Vad . | . ’r
- o 'S
\ {~ I A
4 \' N =
' rd
- \_\i \ ,
1 [N | PN | 1 | { 1 |
\ - TS
, ~ _/\'Lq 0
P ,~ 1 7 o )

-.,60
SOLAR MAGNETODSPHERIC LONGITUDE OF RLSEP
{RADIANS)

Figure 3.4la



.66

43874 40 3anlLi

[sNgIdudl
LET 2IY¥3AHIS0LIANIHU ¥YI0S

]

ONGITUDE OF ALSEP
Figure 3.41b

a—
Sd

[RADIANS

SOLAR MAGNETOSPHERIC L



30

This still leaves the question as to in what region exclusive
of the plasma sheet these events are found. First, it must be determined
if the IEP events are confined to a>relatively thin "boundary layer"
at the flanks of the tail and along the boundary between the plasma
sheet and the lobes, as suggested by Akasofu. This suggestion seems
contradicted by the Side data. If one considers again lunations 3 and
9 which were discussed earlier one sees that continuous ILEP events are
cbserved during times in which the moon travled distances of 18 Ry or
more in the Ysm direction and 9 Ry Or more in the'ZSm direction. Such
observations are not reconcilable with a thin "boundary layer”. That
the events are instead either homogeneous throughout the lobes
or comprise a thick "boundary layer” appear more in.keeping with the
data but no definitive statement can be made without furthér analysis.

‘One msy also study the incidence of the events as a function
of the look angle of the instrument. Since the LEP events are observed
to take place on the ordered field lines of the tail lobes, it is logical
to investigate their incidence as a function of the angle between the
detector and the field line. For this purpose we assumed the field
lines to be aligned in the perfect antisolar direction, i.e., the longi-
tude of the Tield to be exactly 180 or 360" and the latitude to be
exactly O degrees. From the magnetic field data which has been pre-
sented this appears to bé a reasonable assumption for the IEP events.

Tc zceomplish thig angnlar study, the extent over which the
events were observedwas divided into & seriea of five degree wide
bins. Thé number of minutes & given event was in a given bin was
calculated and that number stored in that bin. The process was repeated

for all 265 events with the total number of minutes in each bin then
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being summed. The results of this analysis are shown in Figure 3..42.
The two dark vertical lines in the figure represent the‘average angle
of the detector with respect tc the field line for the entry and exit
of the moon from the tail.

This graph points.out several important facts. First, the LEP
events must have an angular extent of at least the 50" over which the
Apollo 14 SIDE sees the events otherwise the observation of so many events
at both the inbound and outbound f}anks of the tail could not be explained.
Secondly, there appears to be more LEP events occurring at times when
the angle between the magnetic field and the detector was large (angles
greater then + 10°) than when it is small. This can be attributed to
three factors. First, part of this is due to the fact that the Apollo 1h
instrument looks back approximately at the earth. Thus the bins for
the smallest angles of the detector with the respect to the field repre-
gent periods when the moon was appréximately in the middle of the tail
and clase to the Location of the neutral shéét. This would normally
correspond to times when the moon was in the plasma sheet. 3Since we
have already seen that the LEP events do not occur in the plasma sheet,
few observations of the IEP events shoﬁld be made during this time;
as is the case. Secondly, part of the observations at large angles
arises from the fact that the moon sweeps through a larger and larger
region of space in solar magnetospheric coordinates with increasing
Aistance, !Ysml from the center of the tail. Thias increases the
probability of an encounter with the IEP's and thus the total number
of events observed. Lastly, the peaking of the frequency of events
away from the center of the tail may jndicate an increase in spatial

extent ot the events near the magnetopause. This last conclusion will



Figure 3.42

Figure 3.43

Figure 3.44

Distribution of the observations

of the LEP events as a function of
the angle between the detector and
the magnetic field lines of the lobes
of the geomagnetic tail.

Distribution of the duration of the
LEP events as a function of the angle
between the look direction of the TID
and the field lines of the lobes of
geomagnetic tail.

Plot of the average Kp for the times

of the LEP events in a lunation ver-

sus what percentage of the tail pas-

sage was dominated by the observaticn
of LEP events.
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be by no means certain, however, until the gotion@l and positional
effects mentioned above hﬁve been more completely studied.

Inspite of the above the look direction 1s not completely
'insigﬁificant. Figure 3.42 shows that outbound the majority of the
events occur in an angular range of O to 15° relative to the field
lines. These outbound LEP events tend to be the most intense observed;
in general displaying considerable higher integral flux than the inbound
events where the angle between the detector and the field lines is much
greater. BSimilarly the high observation rate in the -15 to -10° bin
can be principally attributed to the two most intense events inbound;
one in day 118 of 1972 and the other in day 77 of 1973.

This is further supported by the distribution of durations as
shown in Figure 3.4t 3 In this figure each angular bin has been divided
by the total number of events it contained and the average duration has
been plotted as a function of angle. Two bins have been deleted,.since
they each contained only two events which was deemd too small a sample
on- which to base /an average. One sees that the longer term events are
associated with smaller angles relative to the field lines than was true
in the total observations distribution. This is especially true on the
outbound portion where the average duration is seen to decrease with
increasing angle. This is sensible in terms of flow along the field
‘lines since it would become increasingly difficult for the instrument
to detec£ low intensity events the further its look direction moved
away from zero with respect to the field lines.

More information can be acguired by considering the other twb
instruments for which data is available. As stated previously, when

simultanecus data was available, and has been analyzed, the events were
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seen by all three instruments. In Figure 3.hé ﬁél@w the angular bins
for the Apollo 14 instruments are listed the comparable angular bins
in which‘the events would be found for the Apollo 12 and 15 instruments.
One éees‘¥hat this greatly increases the angular extent over ﬁhich the
events are seen. The angular extent now is on the order of 100°. The
‘answer is somewhat rough, however, since few comparably Apollo 12 events
have been found due to a scarcity of tail data for the instrument.

Finally the dependence of the events on geomagnetic activity
can be investigated. So far no relationship has been found between
Kp and the intensity or duration of the events. There does, hOWeVE?,
appear to be a relationship between the amount of the tail passage
which is dominated by the IEP events and the Kp averaged over the time
when the IEP events occurred. Table 2 shows the total hours of observa;
tion DfKthe event for each lunation, what percentage of the tail passaggr
that time comprises, and the Kp averaged over that period. In
Figure 3.44, this averaged Kp has been plotted versus the percentage
of the passage that was dominated by the event. One can see that the
percentage tends to increase for increasing Kp. When a linear regressién
is run on the data a correlstion coefflcient of r = .55 is obtained.
guch & correlation has a three percent probability of arising from a
random date set. The corresponding line to this least square fit is
labelled one in the graph.

Tﬁe one point which deviates most from the data is‘that arising
from lunation three. If this one lunation is treated as atypical; a
fair assumption since it has twice as many hours of observation as any
other tail passage, and if the linear regression is run again, we

obtain a correlation factor of r = .£70. Thig has a probability of
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Table 2

o

Hours of LEP percentage
observations cof passage
dominated by

LEP events
16.167 18.37
14.50 15.42
42 683 59.28
16.350 16.35
2.10 2.01
3.083 3.90
12.650 13.38
5.667 6.75
20.132 26.84
8.00 10.39
6.232 7.16
3.81 4,01
11.733 14.49
17.117 18.¢¢6
17.533 28,26

Kp averaged
aver LEP events

2.54
1.03
2.97
2.86
1.45
1.47

1.683

2.31
2.73
1.30
2.70
3.02
3.90
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less than l% of arising from uncorrelated détaa_‘The line labelled
two_rep;esenfs the;least square fit to this corndition.
| Tt appears, therefore, that the frequency of occurrence does

depend on thé general geomagnetic activity as measured by Kp. This
" has two possible explanations. First, an increase in Kp could correspond
to an increase in the motion of the magnetotail. This could move the
IEP events past the moon more often than in periocds of low activity.
This approéch fails to explain the long periods of continuous cbserva-
tion which are normally associated with the more prominent LEP events.
Such an explanation would require that the induced motion in the tail
mirror the motion of the moon in solar magnetospheric coordinates .
This seems unlikely. The second approaﬁh would require scme mechanism
tied to geomagnetic activity which would increase the number of particles
placed on these field lines. In other words the means by which the
particles get on to these field lines must be tied to the general gec-
magnefic activity with an increase in activity increasing the number
of particles that are fed onto these field lines.

7 ~ Lastly since the events are related to Kp this explains some

of the scatter of the data in the Zsm direction. During pericds of
nigh Kp the location and thickness of the plasma sheet and neutral
sheet can vary greatly thus destroying any possible ordering of the
events in solar magnetospheric coordinates. This, coupled with the
deviations in the location or the tail caused by variations ia the
solar wind parameters, is probably respoﬁsible for much of the scatter.
Thisrdoes fail, however, to explain the anisotropy between the inbound

and ocutbound portions of the tail; unless this is merely a statistical

artifact.
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3.8 Observational Conclusions
Considering all of the above the follow{ﬁg cbservat ional con-
clusiong can be made as to the nature of the phenomenon.

.l. The events represent a phenomenon uniquely separate from the
other particle regimes traversed by the moon. The spectrum for the
events, normally exhibiting a peak between 56 and 250 eVs, is both
narrower and of lower energy than either the magnetosheath or the plasma
sheet. This is reflected in the LEP's low bulk velocity (100 to 250 km/se
and low temperature (Less than 5 x 10°°K). Similarly they have a number
density of .2 to 5.0/cn® vhich is intermediary between the other two
particle regimes.

2. The LEP events are found to occur only on the well ordered field
lines associated with the high and low latifude lobes of the geomagnetic
tail. Magnetically they are not seen in close proximity to the location
of the neutral sheet and little if any perturbation in the field is
producéd by either the advent, duration or cessation of the events.

It appears impossible to locate the LEP events from the field data.
Also abrupt changes in the spectra observed can be wade to correspond
to & traversal from one magnetic region to another, i.e., from
transitions between the tail lobes, the plasma sheet and the magneto-
sheath.

- B, There are numercus cases where there exists a shifting in the
spedtral-characteristics of the events associated with passage from
regions of ordered field where the low energy spectra are seen, to
regions of disordered fields where magnetosheath spectra are observed.
Tﬁia transition is marked by s gradual broadening of the spectrum and

a shifting of its peak towards higher energy.
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L. Spatially the events occur over a wide region extending very .
deep into the tail (greater than 15 R, in the Yo direction) and to
the maximum extent of observation in the Zsm direction. The heaviest
density of events is, however, associated withregions closer to the
maghetopause.

5. The LEP events have a broad angular extent. They are observed
over an angle of at least 50° and perhaps greater than 100°.

6. The events display noc systematic ordering in solar magneteoapheric
coordinates. Whether this is due fo the.failure of the coordinate
system at such large distances from the earth where solar wind effects
on the location of the tail would tend to be important, or due to the
intringic nature of the events will require more field data. The
LEP events, nonetheless, are found only exterior to the plasma sheet.

7. The frequency of observation increases with increasing Kp
either indicating increased motion of the tail or an injection
méchanism whose operation either ariges from or is reflected by geomag-
uetié‘activity.

8. The events appear to be sporadic within the sensitivity of the
instrument, i.e., the events do not seem to point to a region of fixed
size where the constant flow of particles along field lines take place,
but rather it appears as if there are regions to which particles are
given access on some occasions ﬁy some as yet unspecified mechanism.

If this were not true there would not be lunations in which practically

no observations of the LEP events were made.
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3.9 Theoretical Considerations
From the above data one can make some statementé as to the
possible ways iﬁ which these particles may gain access to the region
in which they are observed. Two somewhat interconnected theories have
been proposed to explain the existence of such particles. Hones has

suggested (Hones et al., 1972} that the region in which these particles

are observed is a mapping back into the tail of the field lines of the
cusp where, through magnetic merging, particles have been allowed to
enter. This fits fairly well his observations at 18 Rq where most of
the events are found in close proximity to the magnetopause. At lunar
distances the more extended region over which the particles are seen
makes this theory untenable.

A somewhat more inclusive theory has been offered by R. A. Wolf
(private communication). In this theory as in Hones, particles are
allowed to enter by merging thrpugh the cusp. This produces particles
flowiné backward on the field line close to fhe magnetoapuse and
possessing some distribution in velocity. These particles will be
exposed to the cross tail electric field and as a result they will
execute E x B motion convecting them downward towards the neutral
sheet. The slower moving particles being exposed to the tail field
for a longer period of time will be convected further down than the
faster moving particles. This would predict only lower energy particles
Aeepn in the tail.

dome crude calculations can be made to test this theory. if
one sssumes that the cross tail potential is on the order of 5 x 10*
volts and that the tail has a diameter of ~ 45 Re y 8 nﬁmber in keeping

with the SIDE observations, one may calculste a rough number for the
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Figure 3.45

Cross section of the tail, assumed

circular, showing the region in which
jons of energy less than 100 eV would
be expected to drift by the time they

. reached - lunar distance assuming a

cross tail potential drop of 5 X 104
volts.
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field strength. Assuming the field to be homogenéous one gets
E = .L74% volts/km

Using 2 field strength of 15 gammas (1.5 x 10°* Gauss) one derives an
E x B velocity of approximately 11.6 km/sec. For a 100 eV particle,
agsuming most of its energy is in flowmotion, one computes a veloclty
of 138 km/sec and a transit time to the moon of 46 minutes. This
means that the particles could E x B drift towards the neutral sheet a
distance of ~ 5 R, . Figure 3.45 shows the region in which one would
expect particles with energy greater than or equal to 100 eV.

gimilar calculations for the 50, 70, and 250 eV particles give
distances of ~ 7 Ry, 6 R, , and 3.16 R,, respectively. This process
at first glance does not appear to give the particles encugh motion
in the ZSm direction to account for the observed distribution.

There are two ways in which this difficulty might be overcome.
First, it is known that during substorms the magnitude of the cross
tail potential ilncreases to values as high as 235 kilovolts; a potential
drop almost five times the value used in the prévious calculations.
Such a potential drop would imply a E x B velocity of 60 km/sec and
a convective distance for 100 eV particles of ~ 25 R, - This is [AcTe
than enough to account for the appearance of the events deep in the
tail. Alternatively the potential drop might not be uniform ecross the
tail with a higher field region over & cmaller extent giving the particles

the necessary cross field motion. Thus there is so far no insurmontable

contradiction.
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1f the mechanism described above is resporsible for the motion
of the particles one would expect that, if the magnitudé of the potential
drop was kept constant, then the number of IEP events observed would
inérease for decreasing diameter of the tail. This is due simply

to an increase in the field caused by the same potential drop being
applied ;cross a shorter distance. This increase in observatioas
with decrasing tail diameter is somewhst supported by the data. The
three lunstions in which the most hours of observaticns are found,
lunations 3, 9, and 15 are also ihe lunations with the smallest appgrent
diameters, 38.6 R, , 40.26 Ry and 33.28 R, respectively. The diameters
in this case were determined by calculating the distance traversed from
the last magnetopause crossing inbound to the first outbound.

The data for all fifteen lunations is plotted in Figure 3.46,
We have plotted here the diameters of the tail versus the percentage
of tﬁe éail passage dominated by the events. Performing & linear-
régression on this data we obtain a correlation factor of r = -.hQéOh
which is surprisingly good considering the crudeness of the method
used to determine the diameters.

There are two other points which are supportlve of the tﬂeory,
First, it can explain the apparent correlation between Kp and the number
of observations of IEP events. This is.true since, if the events arise
from particles entering through magnetic merging at the cleft, an
inerease in merging rate and therefore an increase in the tiﬁe over
which partiéles enter would be reflected'in_an increase in geomagnetic
activity and therefore Kp. Secondly, it can explain the apparent burst

1ike behavior of the events. Since the merging rate is dependent on

the orientation of the interplanetary field relative to the earth field
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one would expect to see events only episodically, i.e., when the orienta-
tion for merging was optimum. ‘

The theory runs into some difficulty, however, in accounting
for the spectral behavior of the events. It predicts that the lower the
initial flow energy of the particles the further they will drift towards
the neut"al sheet by the time they reach lunar distances. In Figure 5.4¢
are shown the regionsrcorresponding to the maximum drift distance that
could be covered by 50, 70, 100, and 250 eV particles assuming & cross
tail potential of 100 kilovolts. The assumption was made that the
particles entered in a region of one earth radius thickness at the
edge of the tail. The particlés of a given energy are, therefore,
confined to a relatively small region in the Zsm direction. BSuper-
imposed on Figure 347 1is a representative lunar orbit shown in solar
magnetospheric coordinates. Since the distribution in energy should
be continuous there should actually be a gradient in energy in the
positive Zs direction above the neutral sheet and in the negative Z
direction below the neutral plane. Thus as the moon follows the orbit
shown in the figure it should observe a shifting in the energy of the
event as it travels up and down in the Zsm direction and as it
travels towards the center of the tail. |

This sort of behavior is not supported by the data analysis
which has been done to date. Spectral variations of any significance
are the exception not the rule, with the spectrum in most cases showlng
no variations over the period of observgtion. The few cases where
significant variation in the pesk or width of the spectrum has been
noted have been associated either with motion in the wrong direction

for the shifting to agree with theory or with the shifting aasociated



Figure 3.46

Figure 3.47

Approximate diameters of the tail
plotted versus the percentage of the
tail passage dominated by the LEP
events. The line represents the least

square fit to the data.

Cross section of the tail showing

the regions in which 250 eV, 100 eV,
70 eV, and 50 eV particles would be
observed assuming the cross tail
potential drop was 100 kilovolts and
that the particles entered in a region
one earth radius thick at the magneto-
pause. A typical lunar orbit is solar

magnetospheric coodinates is also shown.
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Figure 3.46

F%gure 3.47

Approximate diameters of the tail
plotted versus the percentage of the
tail passage dominated by the LEP
events. The line represents the least
square fit to the data.

Cross section of the tail showing -
the regions in which 250 eV, 100 eV,
70 eV, and 50 eV particles would be
observed assuming the cross tail
potential drop was 100 kilovolts and
that the particles entered in a region
one earth radius thick at the magneto-
pause. A typical lunar orbit is solar

magnetospheric coodinates is also shown.
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with the transition into the magnetosheath. The firgt case was seen
in the lunation.one where a hardening of fhe'spectrum and shifting
of the peak was associated with motion towards the neutral plene. The
second case corresponds to the transition between the tail and mag_
netosheath seen in_lunation two. There is evidence that the spectrum
remains quite constant over distances as great as 6 earth radii in
the Zsm Qirgction. Al} this is in contradiction to the p}edictions of
the theory.

Tn conclusion it appears that while the theory is able to explain
gome aspects of the phenomenon observed there exist discrepancies
between what is actually obszrved. This could be a basic incompatiblility
We believe, however, that without further analysis the theory cannct

be discounted.

3.10  Further Analysis
. There are several further projects which are necessary to fully
quantify and qualify the nature of the events.

1. An attempt should be made to fit a Maxwellian distribution to
the data to determine the plasma characteristics more exactly. The numer
integration method used in this thesis represents only a first &pproximat
methodifor determination of the parameters. We hope to considerebly
improve on them.

2. We hope to obtain more Explorer 35 magnetometer data or
comparable data frbm the Apollo 15 Lunar Surface Magnetometer. Using
this data the location of all the events relative to the observation of
thé megnetopause and neutral sheet can be compiled. It is possible
that much of the disorder of the inbound portion of the tail passage

is due to the inadequacy of the solar masgnetospheric coordinates. By
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defining {he locations of thé IEP events in terms -of real observations
this difficulty will be partialiy eliminated and a more realistic
gpatial distribution will be obtained.

3. Using such a revised spatial distribution the region through
which the moon passes may be divided into square elements of L or 2
earth radii each. The number of hours of observation of the events
in eaéh“section can then be calcukﬁted and normalized to the ﬁotal
nﬁmber of hours the moon actually spent in that region. This will
give a very precise picture of the spatial distribution.

L, All of these above- prcjects will require the analysis of more
tail passages. We hope to double the amount of tail time that has
been used.

5. The angular analysis needs to be dene in finer Qetail with
smaller bins. Also the relative intensity in the three instruments‘
for simultaneous observations should be used to precisely define .
the angular extent. _

6. There should be a careful an31351s to gee if there is a
correlation between the occurrence of the events and the occurrence of
gubstorms. This can be most easily accomplished by the use of the
Auroral Electrojet (AE) index and the use of ground based magnetograms.

Te A more detailed analysis of the temporal behavior of the events
must be gndertaken to ascertain whether any energy gradient exists.

8. Some observations have been made of double peaked spectre

associated with LEP events. These shall be studied further.
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